Caspases play important roles in cell apoptosis. Measurement of the dynamics of caspase activation in tumor cells not only facilitates understanding of the molecular mechanisms of apoptosis but also contributes to the development, screening, and evaluation of anticancer drugs that target apoptotic pathways. The fluorescence resonance energy transfer (FRET) technique provides a valuable approach for defining the dynamics of apoptosis with high spatio-temporal resolution. However, FRET generally functions in the single-cell level and becomes ineffective when applied in the high throughput detection of caspase activation. In the current study, a FRET sensor was combined with capillary electrophoresis (CE) to achieve a high throughput method for cellular caspase detection. The FRET-based CE system is composed of a homemade CE system and a laser source for detecting the dynamics of caspase-3 in various cells expressing sensors of caspase-3 that have been treated with anticancer drugs, such as cell cycle-independent drug cisplatin and specific cell cycle drugs camptothecin and etoposide, as well as their combination with tumor necrosis factor (TNF). A positive correlation between the caspase-3 activation velocity and drug concentration was observed when the cells were treated with cisplatin, but cells induced by camptothecin and etoposide did not show any apparent correlation with their concentrations. Moreover, different types of cells presented distinct sensitivities under the same drug treatment, and the combination treatment of TNF and anticancer drugs significantly accelerated the caspase-3 activation process. Its high throughput capability and detection sensitivity make the FRET-based CE system a useful tool for investigating the mechanisms of anticancer drugs and anticancer drug screening.
INTRODUCTION
Apoptosis plays important roles in maintaining the development of multicellular organisms. Apoptosis defects give rise to both tumorigenesis and drug resistance, leading to failures in the clinical chemotherapy of cancers (Johnstone et al., 2002) . Evidence shows that the screens of apoptosis are superior to the proteins in cells for anticancer drug screening (Joseph et al., 2011) . Caspases, which decide the morphological and biochemical reactions of organisms, mediate apoptosis. Cysteine caspases are inactive zymogens in cells that are activated by an apoptotic stimulus. As an effector of apoptosis, caspase-3 activation has been accepted as a reliable readout for apoptosis, and proteinase activity has been widely exploited for drug screening (Luo et al., 2003) .
Many approaches can be used for the assessment of caspase activity, including traditional SDS-PAGE, Western blot, and high-performance liquid chromatography. However, these methods do not give information on the dynamics of caspase activation. Over the last decade, the development of novel methods for assaying the activation of various types of caspases in single living cells has received significant attention (Mahajan et al., 1999; Jones et al., 2000; Tyas et al., 2000; Neefjes and Dantuma, 2004; Zhang et al., 2008a) . The common idea of previous studies is the construction of a fluorescence resonance energy transfer (FRET) probe based on fluorescent proteins (FPs). The FP-FRET probe is composed of two separate spectra of fluorescent proteins, such as CFP and YFP, which are sandwiched with the recognized sequence of the specific caspase. Based on this idea, two caspase FP-FRET probes, named CD2 and CD3, consisting of CFP, DsRed (a red fluorescent protein), and a linker with recognition sites of caspase-2 and caspase-3, respectively, were developed (Lin et al., 2006; Zhang et al., 2008b) . Such probes are highly useful for studying the fundamental mechanisms of apoptosis and can serve as powerful tools for screening new drug candidates targeted to apoptotic pathways. FP-FRET probes coupled with time-lapse confocal microscopic imaging have given valuable insights into cellular events within single cells with high spatio-temporal resolution (Yang et al., 2007; Zhang et al., 2008b) . However, single cell-based studies using FP-FRET probes and microscopic imaging techniques cannot describe the high throughput dynamics of caspase activation in tumor cells upon drug treatment. FRET-based live cell detection systems have either failed to give quantitative information or are not adaptable for multi-parameter analyses.
Zhou et al. recently developed a novel strategy to characterize the dynamics of caspase-2 activation using the FP-FRET probe CD2 combined with capillary electrophoresis (CE) technology (Zhou et al., 2006a) . CE, which has advantages of high speed, low sample consumption, and automation, has been developed as a mature tool for sample enrichment, separation, and detection (Locke and Figeys, 2000) . Moreover, the use of CE to monitor changes in protease activity has been extensively studied (Berezovski et al., 2002; Zarrine-Afsar and Krylov, 2003) , with results indicating that CE is an effective method for detecting changes in protease activity. The dynamics of caspase-3 activation in Hela cells upon cisplatin treatment have been previously investigated by combining the FRET probe with CE (Lin et al., 2006) . However, data on the activation characteristics of caspase-3 in different cells and the exposure of caspase-3 on various drug treatment schemes remain insufficient. Besides the Hela cell, HepG2 and ACC-M cells are also human cancer cells commonly used for drug screening (Chen and Tsourka, 2009; Zhu et al., 2009 ). In the current study, cisplatin, camptothecin, and etoposide were selected for cell treatment because of their different characteristics. Cisplatin is a non-specific cell cycle drug, whereas camptothecin and etoposide are specific cell cycle drugs (Chen and Liu, 1994; Zuryn et al., 2007) . The description of the dynamics of apoptosis in different tumor cells after treatment with varied drug treatment schemes will be helpful in assessing the effects of different therapeutic schemes and understanding drug resistance in cancer chemotherapy.
The current study aims to use the established FRET-CE system to investigate the dynamics of caspase-3 during apoptosis in cancer cells. This study provides valuable insights into the molecular mechanisms of caspase-3 during cell apoptosis induced by anticancer drug treatment.
RESULTS

Quantification of caspase-3 activation in Hela cells upon drug treatments
Different concentrations of drugs were used to induce the apoptosis of Hela-CD3 cells and optimize the concentrations of drugs for activating caspase-3 in cells. Figure 1A shows the electropherogram results of Hela-CD3 cells 13 h after treatment with different concentrations of cisplatin. Caspase-3 was activated during cell apoptosis and digested the substrate sequences of CD3 and DsRed fluorescent proteins, which were cut from CD3 during cisplatin treatment. DsRed was eluted out first during electrophoresis (peak 1 in Fig. 1A ) followed by intact CD3 (peak 2 in Fig. 1A ) because the electron mass of DsRed is smaller than that of CD3. The intensity of DsRed was divided into the intensities of the detached DsRed and CD3 (peaks 1 and 2 in Fig. 1A ) for the evaluation of caspase-3 activation, and the ratios of the DsRed intensities from the detached DsRed and intact CD3 were calculated; these ratios represented the states of caspase-3 activation (Fig. 1B) . The ratio of intensities increased with increasing cisplatin concentration, suggesting that CD3 is digested gradually and the caspase-3 activation becomes more and more efficient. A strong positive linear correlation (R 2 = 0.995) was found between caspase-3 activation and the experimental cisplatin concentrations (0-67 µmol/L), as shown in Fig. 1B . The same method was then used to evaluate the effects of camptothecin and etoposide on caspase-3 activation in Hela-CD3 cells. A series of concentrations of camptochecin and etoposide were used to induce the apoptosis of Hela-CD3 cells over 24 and 48 h. Caspase-3 activation was detected using the CE system and quantified using the ratio of DsRed intensities from isolated DsRed and intact CD3 molecules (Fig. 2) .
Unlike the linear relationship presented in the cisplatin treatment group (Fig. 1 ), caspase-3 activity did not increase significantly with increasing concentrations of camptothecin and etoposide after 24 h of incubation, as shown by the dotted lines in Fig. 2 . While caspase-3 activation was significantly higher after the 48 h incubation period, activity did not significantly increase with increasing concentrations of the drugs either, as shown by the solid lines in Fig. 2 . These results are likely due to the effects of cisplatin, which is gen-© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 erally considered as a cell cycle non-specific anticancer drug and is a major antineoplastic drug used for the treatment of solid tumors in any phase of cell proliferation (Yao et al., 2007) . In contrast, camptothecin and etoposide are DNA topoisomerase I and II inhibitors, respectively (Bergeron et al., 2004; Abbott et al., 2009) . DNA topoisomerases are essential nuclear enzymes with multiple functions, including chromosomal recombination and DNA repair (de Jonge et al., 2004) . Camptothecin and etoposide are specific cell-cycle phase agents (Hsu et al., 2009 ). Camptothecin shows cell-cycle S phase specificity, whereas etoposide induces cell-cycle arrest at the G 2 phase (Chen and Liu, 1994; Zuryn et al., 2007) . Cellular caspase-3 activation in other phases may take a longer time to occur because of the transition time from other phases into the S or G 2 phase. Therefore, caspase-3 activation processes induced by camptothecin and etoposide are much slower than that induced by cisplatin. Further increases in concentration do not hasten the apoptosis process of cells when the drug concentration reaches the minimum value that can exert the most effective equilibration for the S and G 2 phase cells. Caspase-3 activation was significantly higher after 48 h of incubation than that of 24 h because more cells are able to differentiate into the S or G 2 phase with longer incubation periods.
The results obtained thus far suggest that the velocity of cisplatin-induced caspase-3 activation has a positive correlation with its concentration under the experimental concentration range and that activation induced by camptothecin or etoposide shows no apparent correlation with concentration. Therefore, optimal cisplatin, camptothecin, and etoposide concentrations of 67, 30, and 50 µmol/L, respectively, were selected for further experiments to achieve potent caspase-3 activation while maintaining a low drug dose.
Different cells show various sensitivities to chemotherapeutic drugs in caspase-3 activation
Three stable cell lines (i.e. Hela-CD3, HepG2-CD3, and ACC-M-CD3) were individually incubated with 67 µmol/L of cisplatin, 30 µmol/L of camptothecin, or 50 µmol/L of etoposide to assess the effects of anticancer drugs on different types of cells. The cell samples were collected and were subjected to electrophoresis after incubation with drugs for a designated period of time. Figure 3A shows the time courses of caspase-3 activation in the three cell lines upon treatment with cisplatin. At the beginning of caspase-3 activation, the three types of cells showed no obvious differences. As activation progressed, the ACC-M-CD3 cell line was a little faster. After incubation, the HepG2-CD3 cell line was faster than the ACC-M and the Hela-CD3 cell line was the slowest. These results demonstrate that the HepG2 cell line is more sensitive to 67 µmol/L cisplatin than the other two cell lines during cell apoptosis. As expected, the cell lines displayed distinct responses after treatment with camptothecin and etoposide compared with cisplatin ( Fig. 3B and 3C ). When exposed to 30 µmol/L of camptothecin, HepG2 cells showed the most rapid dynamic change in caspase-3 activity, with complete cleavage of CD3 after 30 h of incubation, whereas Hela and ACC-M cells achieved complete cleavage of CD3 after 54 and 60 h of incubation, respectively. A similar trend was observed for the etoposide treatment group (Fig. 3C) , in which HepG2, ACC-M, and Hela cells achieved complete cleavage of the CD3 sensor after 42, 60, and 66 h of incubation, respectively. Overall, the results show that the CE system can trace the dynamics of caspase-3 activity after drug treatment and suggest the distinct sensitivities of different cell lines to the drugs.
Dynamics of caspase-3 activation of three cell lines after treatment with TNF and drugs
Cytokine tumor necrosis factor-alpha (TNF-α) is highly expressed in tumors and promotes the growth of new capillaries toward the tumors (Burton and Libutti, 2009 ). However, TNFcan be used to destroy tumor vasculature when it is accumulated at high doses (Burton and Libutti, 2009 ). TNF-α can initiate the process of cellular apoptosis, and these pathways can deactivate the growth of tumor cells (Szlosarek and Balkwill, 2003) . In addition, the combination of TNF-α with anti-tumor drugs may have strong synergistic anti-tumor efficacy. Hela-CD3 cells were subjected to treatments with TNF (1×10 4 IU/mL) alone, drugs alone, and TNF in combination with drugs and then monitored by CE to observe the effect of TNF on the destruction of tumor cells (Fig. 4) . Only part of the DsRed proteins from the CD3 probes were cleaved when the Hela-CD3 cells were treated with TNF for 36 h (Fig. 4A) , indicating that 1×10 4 IU/mL TNF is not cytotoxic to the cells under the conditions of the current experiment. Peaks 1 and 2 represent the cleaved product of DsRed and the uncleaved CD3 probe, respectively. Complete cleavage of the CD3 probes occurred after 44 h of incubation when the Hela cells were treated with cisplatin (Fig. 4B) . Complete cleavage of the CD3 probes was observed after 27 h of incubation when the cells were treated with TNF + cisplatin, 17 h ahead of treatment with cisplatin alone (Fig. 4C ). This enhanced cleavage rate indicates the synergistic effects of cisplatin and TNF in a single treatment. The dynamics of caspase-3 activation in the three cell lines under various treatment conditions was then analyzed (Fig. 5) . Figures 5A-5C show the dynamics of caspase-3 activation in the three cell lines under treatment with cisplatin alone, TNF alone, and TNF + cisplatin. As can be seen in the figures, the caspase-3 activation rate in the TNF + cisplatin-treated group was much higher than those in the TNF-alone or cisplatin-alone treatment groups in all cell lines. Similar results were obtained in the TNF + camptothecin (Fig.  5D-5F ) and TNF+ etoposide (Fig. 5G-5I ) groups. Such results demonstrate the caspase-3 activation rate is much higher in TNF + drug combination groups than in groups treated with either TNF alone or drugs alone. Compared with individual drug treatments, TNF + cisplatin and TNF + etoposide enhanced apoptosis in the later stages of the process (Fig. 5A-5C and Fig. 5G-5I , respectively). In contrast, TNF + camptothecin significantly promoted caspase-3 activation at the beginning of incubation (Fig. 5D-5F ).
DISCUSSION
Many anticancer drugs have been developed to suppress cancer by activating caspases because caspases play key roles in apoptosis. Measurement of the dynamics of caspase activation in tumor cells facilitates understanding of the molecular mechanisms of apoptosis, as well as the screening and evaluation of anticancer drugs targeted to apoptotic pathways. In the current study, the dynamic characteristics of caspase-3 activity in different cells over a range of treatment strategies were conveniently compared for the first time using a homemade FRET-CE system. Cisplatin, camptothecin, and etoposide are chemotherapeutic agents commonly used for treating various tumors, including lung, breast, ovarian, colorectal, and testicular cancers (Reinhold et al., 2003) . Many tumor cells have been reported to undergo apoptotic cell death when treated with the drugs described above (Tsuruo et al., 2003) . However, the mechanisms of these drugs differ from one another. Camptothecin and etoposide are cell cycle-specific drugs that affect the S phase of cell proliferation, whereas cisplatin is a cell cycle non-specific drug whose effectiveness does not depend on any proliferation phase. Therefore, the use of camptothecin and etoposide for the induction of cellular caspase-3 was not as effective as the treatment with cisplatin (Fig. 3) . ACC-M cells are more sensitive to cisplatin than other cells (Fig. 3A) , whereas HepG2 cells appear to be more sensitive to camptothecin and etoposide ( Fig. 3B and 3C , respectively).
Combination therapy using TNF and anticancer drugs was recently promoted in many clinics as an effective method for the treatment of various cancers. The advantages of using combination therapy appear to lie in its combined targeting ability to different signal transduction pathways and enhanced approaches for combating drug resistance (Postiglione et al., 2011) . Richard (Hara et al., 2005) reported that combination of low concentrations of TNF (1×10 2 IU/mL) and cisplatin has no obvious effects on caspase-3 activation. The results of the current study demonstrate that high concentrations of TNF (1×10 4 IU/mL) and cisplatin can promote caspase-3 activation in Hela-CD3 cells (Fig. 4) and that this enhanced effect was not affected by the individual role of each drug (Fig. 4A) . However, the dynamics of enhancement is drug dependent. TNF enhanced apoptosis during the late stages of the caspase-3 activation processes of cisplatin and etoposide (Fig. 5A-5C and Fig. 5G -5I, respectively), but significantly promoted caspase-3 activation at stages earlier than that induced by camptothecin (Fig. 5D-5F ). In summary, although previous studies detected caspase-3 activation using different FRET sensors (Wu et al., 2006) or traditional biological methods (Namura et al., 1998) , they did not report the dynamics of caspase-3 during cancer cell apoptosis. In the current study, the dynamics of caspase-3 activation in three cancer cell lines treated with chemotherapy drugs were compared for the first time using CE. The results of the present study provide a reliable reference for future studies on the molecular mechanisms of apoptosis initiation. Moreover, the results introduce an anticancer drug screening model for future clinical use.
MATERIALS AND METHODS
Cell lines and reagents
Construction of the caspase-3 FRET probe CD3, as well as a stable Hela-CD3 cell line, is as described in a previous study (Lin et al., 2006) . ACC-M and HepG2 cells were obtained from China Typical Culture Collection Center (Wuhan University, Wuhan, China), and maintained in a DMEM (Gibco, USA) medium supplemented with 10% newborn calf serum (Gibco), penicillin (100 U/mL), and streptomycin (100 μg/mL) in culture flasks containing 5% CO 2 at 37°C. The CD3 plasmid was transfected into the HepG2 and ACC-M cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol to establish a FRET sensor expressing HepG2 and ACC-M cell lines. After 24 h of transfection, 800 μg/mL of G418 (Sigma) was added into the cells, and the G418 concentration was adjusted according to cell viability. Clones stably expressing HepG2-CD3 and ACC-M-CD3 were selected using G418.
Cisplatin, hydroxy-camptothecin, and etoposide injections were purchased from a pharmaceutical factory (Dezhou, China), Feiyun Pharmaceutical Company (Huangshi, China), and Hengrui Medicine Company (Jiangsu, China), respectively. Saida Bio-pharmaceutical Company (Shanghai, China) provided the rmhTNF used in the present work. Uncoated fused-silica capillary tubes (i.d. 50 µm, o.d. 365 µm) were obtained from Yongnian Optic Fiber Inc. (China).
Cell apoptosis induced by drug treatment
Hela-CD3, HepG2-CD3, and ACC-M-CD3 cells were placed in 24-well plates (2 × 10 5 cells/well) for the independent drug treatments. 
Capillary electrophoresis sample preparation
The sample preparation for CE is described in a previous study (Zhou et al., 2006b) . In brief, after drug treatment, cells were washed with cold PBS thrice and then lysed with 30 µL of 0.5% Trition for 1.5 min.
The lysate was collected and centrifuged at 12,000 rpm for 10 min, and then the supernatant was collected as a cytosolic extract for direct use in CE.
Capillary electrophoresis detection system
Drug-induced cell apoptosis analysis was performed using a homemade CE system, as described in a previous study (Zhou et al., 2006a) . The homemade CE system consisted of an inverted fluorescence microscope (Olympus IX70, Japan), a cooled charge-coupled device (CCD, Micromax 5MHz, Roper Scientific), a camera as the detector, and a high-voltage power supply (Shanghai Nuclear Research Institute, China). A 100 mW high-pressure mercury lamp was used as an excitation light source. The 40 cm long capillary was used to detect the window, and a new capillary was washed with 0.1 mol/L HCl, ddH 2 O, 0.1 mol/L NaOH, and ddH 2 O for 15 min in sequence. Phosphate buffer (0.2 mol/L KH 2 PO 4 , 0.2 mol/L Na 2 HPO 4 ·12H 2 O, and pH value of 8.0) was injected into one end of the capillary using a syringe for 20 to 30 min. Both ends of the capillary were then put into two tubes filled with pH 8.0 phosphate buffer. The first tube was fixed close to the high voltage power source and the second one was kept far away; both tubes were maintained at the same level. The terminus of the capillary near the high voltage power source was inserted into a tube filled with the sample. The sample was injected under the pressure within 10 to 15 s. The voltage was allowed to reach 16 kV (Zhou et al., 2006b) . The capillary was then taken as a bright field to select a ROI area for imaging. The data were collected and analyzed using WinView32 and Sigma Plot 10.0 software.
CD3 FRET sensor fluorescence imaging detection
The CD3 probe was constructed by the fusion of ECFP and DsRed fluorescent proteins linked with a DEVD amino acid recognition sequence of caspase-3, as described in a previous study (Lin et al., 2006) . Cell apoptosis began upon caspase-3 activation, followed by the attenuation of FRET. Caspase-3 activity can be monitored by detecting the signals of FRET. The three-channel FRET fluorescence imaging system was constructed in our laboratory. The system was composed of an IX70 inverted fluorescence microscope (Olympus, Japan), a 100 W mercury light (Olympus, Japan), a charge-coupled device (CCD, Roper Scientific, USA), and a WinView32 software (Roper Scientific). The FRET filter group had three components, namely, the CFP channel (425-445HQ DM450 460-510HQ Olympus), the DsRed channel (BP510-550 DM570 BA590 Olympus), and the FRET channel (436/20X 455DCLP 620/60M Omega Optical). The DsRed channel was used for fluorescent imaging with exposure and interval time of 280 ms and 2 s, respectively.
